The surface properties of fibers play critical roles in many applications such as wicking, soil resistance, adhesion, and biocompatibility. This paper will discuss a new approach to surface modification in which polymers are grafted to naturally occurring graft-sites on the substrate. The surface modifying polymers contain a large number of new graft-sites, thus amplifying the potential graft-sites up to several thousand-fold. Subsequent modification of the graft-site amplifying polymer can be used to alter the surface charge, wettability, and dye-uptake. Critical features of this technology will be presented along with specific examples.
INTRODUCTION
The suitability of fibers for a particular end-use depends on several factors including strength, modulus, extensibility, chemical resistance, size, shape, and surface tension. All of these properties, except surface tension and shape, depend on the properties of the polymer that make up the fiber. Considerable effort has been spent to optimize the polymer morphology and its chemical make-up to obtain the desired properties. However, for many applications, the critical property that determines the fiber's suitability depends primarily on the surface, such as surface tension, friction, adhesion, and antimicrobial activity. Traditionally, the choice of a fiber for a particular application has been to choose the fiber based on its bulk properties and price. If the surface properties are not adequate, a topical treatment would be applied. However, after cleaning the fibrous material, much of this topical treatment is lost.
Ideally, the design engineer could choose a fiber substrate based on its mechanical and chemical compatibility with the application. One could then choose a surface treatment that imparts the desired surface property. This surface treatment could be permanent and would add significantly more value than cost. Permanent surface modifications have been developed in which the fibers are treated by plasmas, coronas, UV photoinitiated polymerization, flames, and even gold coating before depositing self assembling chains. Although these techniques have found niche markets, they are generally incompatible with fiber processes because they require more time to carry out the modification than is economically feasible on a fiber processing line. In addition, each technique is quite limited in the types of surface modifications that can be made.
In this paper, we will describe a new approach to modifying the surface of fibers that is believed to be compatible with current fiber or fabric processing conditions and that is capable of providing a wide range of surface properties. This approach chemically binds the material to the surface, and hence it should be expected to be a permanent modification.
DISCUSSION
Most commercial fibers are either natural fibers, the cellulosics or the protein fibers, or they are synthetic. The natural fibers have a large number of chemically reactive species on their surfaces. On the other hand, most synthetic fibers have very few reactive species. For example, nylon has two reactive species per molecule, the amino end-groups and the carboxylic acid end-groups. Likewise, in polyester, the reactive groups are the hydroxyl endgroups and the carboxylic acid end-groups. Modified polyester may contain additional reactive groups that are purposely added to enhance dyeing. In polyethylene or polypropylene, the only reactive groups are due to the initiators and chain termination. Since the molecular weights of these polymers are quite high, there are very few reactive groups on the surface of synthetic fibers. If we represent the reactive sites on the surface of a fiber by a hexagonal array, it is easy to see that when we chemically On the other hand, if we graft a polymer to the surface, much larger surface coverage can be obtained (Figure 1b) . For example, we have grafted poly(dimethyl siloxane), PDMS, to the surface of nylon-6,6 and measured the friction coefficient as we increase the molecular weight [1] , Figure 2 . To determine how much of the surface can be covered by the polymer we use the following approach. If the distance between nearest neighbor reactive sites on the surface of nylon is 2R, then the surface area per potential graft site is 4R 2 . If we graft a polymer to this site, the approximate area covered by the polymer is πR G 2 , where R G is the radius of gyration of the surface grafted polymer. R G is given by: (1) where C ∞ is the characteristic ratio, l is the root mean square bond length in the backbone, and n is the number of backbone bonds in the polymer, and is given by n = k M / M 0 . M 0 is the repeat unit molecular weight, M is the molecular weight of the polymer and k is the number of backbone bonds for one repeat unit. For PDMS, k = 2, M 0 = 74.2, l = 1.84 Å, and C ∞ = 6.2.
The fraction of the surface covered by the grafted polymer, φ, is:
Next, the boundary friction is described by the adhesion model:
where µ is the measured boundary friction coefficient and µ 1 and µ 2 are the boundary friction coefficients of the substrate and the grafted polymer, respectively. The data in Figure 2 is replotted according to equation (3) in Figure 3 . Thus the coverage is simply the area covered by the grafted polymer chain divided by the area per natural graft site on the substrate. If the surface modification desired only depends on the coverage, then a proper choice of the graft polymer is sufficient. In many applications, readily available polymers do not have the required properties; additional modifications are required. However, as we have seen, there are very few reactive sites on most polymers. Our next step is to
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Figure 1 POTENTIAL GRAFT SITES, L, IN A HEXAGONAL CLOSE PACKED ARRAY WITH (A) SMALL MOLECULES GRAFTED TO THEM (SMALL GREY CIRCLES) AND (B) LARGE POLYMERS GRAFTED TO THEM (LARGE GREY CIRCLES).
Figure 2 FRICTION COEFFICIENT OF NYLON FIBERS WITH VARIOUS MOLECULAR WEIGHT PDMS
OILS GRAFTED TO THE SURFACE.
Figure 3 FRICTION COEFFICIENTS FROM THE SAME SAMPLES AS IN FIGURE 2, BUT GRAPHED ACCORDING TO EQUATION (3)
A B ∞ increase the number of reactive sites. By choosing a polymer that has many reactive sites, we can amplify the number of potential graft sites. For example, poly(vinyl alcohol), PVOH, with a molecular weight of 50,000 g/mol has more than 1,000 hydroxyl (OH) groups that can be used to graft additional materials. Thus one potential graft site on nylon-6,6 can be converted to more then 1000 graft sites by grafting PVOH to the nylon's surface. Other potential surface site amplifying polymers are poly(acrylic acid), poly(vinyl phenol) , and copolymers containing reactive groups, such as epoxy, amino, hydroxyl, and carboxylic acids. In summary, the procedure we developed is to (1) choose a polymer with many potential graft sites and which maximized the surface coverage. Then, (2) we graft this polymer to the surface to amplify the number of graft sites. Finally, (3) we graft small molecules with the desired surface property to the surface polymer. This allows us considerable control over the surface properties of our fibers.
EXAMPLES
We have grafted poly(acrylic acid), PAA, to nylon-6,6 [2] . Next we grafted ethylene diamine to protoporphyrin IX, PPIX, see Figure 4 , and zinc protoporphyrin IX. These modified PPIXs were then grafted to the PAA. The resulting fibers were then tested for their antimicrobial activity. Both types of fibers killed S. aureus bacteria when exposed to visible light. Thus, these modified fibers became light activated antimicrobial fibers. As intensity or time of exposure increased, the effectiveness of the antimicrobial fibers increased. Figure 5 [3] .
In other experiments, we have grafted ethylene diamine and hexyl amine to PAA which had already been grafted onto nylon. In water wetting tests, we found that, upon placing a drop of water onto nylon-6,6 film, the water spread slowly. After grafting PAA to the surface of nylon, the water spread very quickly. Next we grafted hexylamine to the PAA. Thereafter, water would not wet the film. We also measured the effects of these surface modifications on acid dye uptake by nylon-6,6. The results are shown in Figure 6 . The grafting of PAA to the nylon surface reduced dye uptake bỹ 20%. On grafting ethylene diamine to the PAA, dye uptake increased over that of native nylon by ~ 11%. Although it is not surprising that adding negative charges to the surface of nylon reduces acid (negatively charged) dye uptake and grafting positively charged materials increases dye uptake, our results show that this approach is highly effective. The acid dye uptake decreased by 20% even though we had grafted less than 0.1% owf of the PAA. Likewise our increase in dye uptake by the ethylene diamine modified material was 11% for an add-on of less than 0.1%. These effects are surprisingly large [4] .
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In general, the procedure we have used is to (1) choose a polymer with many potential graft sites and which maximized the surface coverage. Then, (2) we graft this polymer to the surface to amplify the number of graft sites. Finally, (3) we graft small molecules with the desired surface property to the surface polymer. This allows us considerable control over the surface properties of our fibers.
CONCLUSION
We have found that by grafting polymers to the surface of fibers, we can greatly alter the surface properties. We showed that, by using surface graft-site amplifying polymers, we can add substantial additional modifications. We have attached permanent lubricants, light activated antimicrobial agents, acids, bases and neutral molecules. When we grafted acidic groups to the surface, acid dye uptake by nylon 6,6 was substantially reduced, while wetting was greatly enhanced. By adding basic sites, acid dye uptake was enhanced. Finally, by adding neutral groups to the surface, wetting was markedly reduced.
